Overview of results on flow and correlations from the CMS collaboration  by Sanders, S.J.
S. J. Sanders (for the CMS Collaboration)1
U. Kansas, Lawrence, KS, USA
Abstract
Highlights of the results obtained by the CMS experiment at the LHC on collective flow and
dihadron correlations in PbPb collisions are presented. At lower transverse momenta of the
outgoing particles and for a wide range of collision centralities, the 2nd- through 6th-order Fourier
components of the azimuthal distribution have been found using diﬀerent analysis techniques
with diﬀerent sensitivities to non-flow and flow fluctuation eﬀects. An ultra-central collision
trigger allows the Fourier components to be extended to a region of centrality where initial-state
eﬀects are expected to be small. A high-pTsingle-track trigger has allowed the elliptic anisotropy
(v2) and higher-order harmonics to be explored up to ≈ 60 GeV/c, as a function of pseudorapidity
and collision centrality. The CMS results provide new information on both the hydrodynamic
properties of the medium at low pTand the path-length dependence of in-medium parton energy
loss at high pT . By subtracting the long-range in pseudorapidity anisotropy components arising
from hydrodynamic flow from dihadron correlation results, it is possible to gain further insight
into the medium eﬀect on dijets. This is done with a study of the “near-side” and “away-side”
yields of dijets measured in PbPb collisions compared to those found in pp collisions.
1A list of members of the CMS Collaboration and acknowledgements can be found at the end of this issue.
sNN = 2.76 TeV). This past year has seen a considerable extension of the type and range
of measurements studying hydrodynamic behavior at LHC energies, including a CMS measure-
ment of the elliptic anisotropy of π◦ particles [2]. In addition to the flow results, the RHIC exper-
iments also demonstrated that the matter formed in heavy-ion collisions is significantly opaque
to high-energy partons, leading to the suppression of high transverse momenta yield compared
to pp collision yields scaled by the number of binary collisions. This opaqueness can also lead to
an azimuthal anisotropy of high-pTparticles as shown by the PHENIX experiment in a study of
sNN = 200 GeV) to the LHC
(√
1. Introduction
One of the most significant results of the RHIC program of ultra relativistic heavy-ion col-
lisions was obtained early on with the discovery of hydrodynamic flow behavior suggesting
the formation of a quark-gluon plasma that behaves as an almost perfect, strongly-interacting
fluid. A “day-one” goal of the LHC heavy-ion program, which was achieved by the time of
the Quark Matter 2011 conference [1], was to confirm that this fluid behavior persists with
the almost 14-times increase in energy going from RHIC (√
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π◦ mesons in AuAu collisions at √sNN = 200 GeV [3]. CMS has now determined the azimuthal
asymmetry of charged particles over the range 0.3 < pT < 60GeV/c, thus covering both the
low-pT region dominated by hydrodynamic flow and the high-pTparton energy loss region.
The azimuthal asymmetry of the particle yield can be expressed in terms of Fourier compo-
nents, with
dN
dφ
∝ 1 + 2
∞∑
n=1
vn (pT , η) cos
[
n (φ −Ψn)
]
.
We explore the azimuthal dependence of particle emission using a variety of methods. In the
“event-plane” method, the harmonic-dependent, event-by-event reference angle Ψn is defined by
the direction of maximum particle density or, alternatively, the direction of maximum energy
density. For at least the n = 2 harmonic, the event-plane angle is expected to be related to the
“participant-plane” angle Ψn,PP that can be calculated in the Glauber model and determined by
the short axis of the lenticular region defined by the participant nucleons and the beam direction.
The two- and four-particle cumulant methods explore the correlations of all particle pairs (two-
particle cumulant) or all combinations of four particles (four-particle cumulant) within a certain
kinematic region. The Lee-Yang Zeros method considers correlations among all particles within
a kinematic region. These methods all assume a reference flow direction that approximates the
event-plane direction. The azimuthal asymmetry can also be studied using dihadron correla-
tions where, denoting the particles as the “trigger” and the “associated” particle, the two-particle
azimuthal correlation can be expressed as a Fourier series with
dN
dΔφ
∝ 1 + 2
∞∑
n=1
Vn
(
ptrigT , η
trig, passocT , η
assoc
)
cos (nΔφ)
where Δφ is the azimuthal angular separation of the particles at pseudorapidity ηtrig and ηassoc. In
the flow dominated, low-pT region, and assuming a suﬃciently large pseudorapidity separation
(Δη = ηassoc − ηtrig) to avoid dijet associated correlations, the Vn coeﬃcients factorize into the
individual flow coeﬃcients of the two particles, with Vn = vn(ptrigT , η
trig) × vn(passocT , ηassoc).
The data being presented were obtained during the 2010 and 2011 PbPb runs at the LHC
using the CMS detector. Si pixel and strip detector arrays were used to determine the tracks of
charged particles with |η| < 2.4 moving in the 3.8 T magnetic field of the CMS solenoid. For the
event-plane method, two steel/quartz-fiber Cˇerenkov hadronic forward (HF) calorimeters were
used to establish the event-plane angle based on energy deposited in the range 3 < |η| < 5. A
lead-tungstate electromagnetic calorimeter was used to detect π◦ mesons through their 2-γ decay
channel. Minimum-bias PbPb events were triggered by coincident signals from both ends of the
detector. The coincidence was either between two beam scintillator counters at 3.23 < |η| < 4.65
or the HF calorimeters. The study of the azimuthal behavior of charged particles with pT <
20 GeV/c was done using 22.6million minimum-bias events from the 2010 run, corresponding to
an integrated luminosity of 3 μb−1 after a selection of tracks within 10 cm of the geometric center
of the detector. Two dedicated triggers were implemented for the 2011 run: a high-pT trigger
achieved a particle-detection eﬃciency of about 75% starting at pT ≈ 12 GeV/c increasing to
almost 100% above pT = 20 GeV/c; an ultra-central event trigger allowed us to achieve good
statistics for measurments of events with collision centrality < 0.2% without saturating the data
acquisition system. The 2011 run achieved an integrated luminosity of 150 μb−1. Using the
high-pT trigger it was possible to analyze 20 times more high-pT tracks than available in the
2010 minimum-bias dataset.
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Figure 1: Elliptic flow based on four methods.
2. Elliptic flow
Figure 1 shows the v2 results [4, 5] for the event plane, two- and four-particle cumulant,
and Lee-Yang Zeros methods with 0.3 < pT < 20 GeV/c and for twelve diﬀerent centrality
classes. The results are consistent with a flow dominated low-pT region giving way to a hard-
scattering dominated region at high-pT . The diﬀerent sensitivities of the methods to non-flow
and fluctuation eﬀects are clearly evident. For the cumulant calculations, we do not require a
pseudorapidity gap between the particles used for the reference flow and those for which the v2
behavior is being established, whereas a gap of three units of pseudorapidity was required for
the event-plane analysis. The subsequent sensitivity of v2{2} to non-flow behavior is particularly
evident at higher pT . In a collision with event multiplicity M, the sensitivity to correlations of
order k typically scales as 1/Mk−1. Consequently, the fourth-order cumulant and Lee-Yang zeros
methods are inherently less sensitive to such correlations.
Figure 2 shows the CMS results for v2{EP}/part as a function of the transverse charge-particle
density[4], using extrapolated yield-weighted average v2 values (0 < pT < 3 GeV/c). Also
included are the results from the PHOBOS collaboration obtained for lower energy CuCu and
AuAu collisions [7]. There appears to be a very good scaling of the participant eccentricity
scaled v2 results with transverse charged-particle density.
CMS has also compared the the elliptic (v2) anisotropy for π◦ particles [2, 8] with the CMS
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Figure 2: v2/part values as a function of transverse charged particle density from CMS [4] and PHOBOS [7].
charged-particle [4] and PHENIX [3] π◦ results. The CMS π◦ results are of comparable mag-
nitude to the lower energy PHENIX results but somewhat lower than the CMS charged-particle
results. This latter observation is consistent with a higher elliptic anisotropy for baryons, as was
previously found at RHIC.
The flow harmonics have been extended to higher harmonics [9] using multiple methods,
including the dihadron-correlation technique. In general, significant contributions are found up
to at least the 5th-order harmonic, with little centrality dependence found for harmonics greater
than n=2. These results are consistent with the higher harmonic anisotropies being dominated
by fluctuations in the initial participant locations.
3. Ultra-central collisions
Uncertainty as to the initial state of the produced medium in relativistic heavy-ion collisions
results in a large uncertainty for the deduced value of the shear viscosity to entropy ratio (η/s)
of this medium. It has been noted that the initial condition (Glauber or Color Glass Condensate)
has less of an influence on very central events where the geometry is defined by the extent of the
colliding nuclei[10, 11]. Using a special ultra-central collision trigger, CMS has now measured
the flow coeﬃcients v2 through v6 using the dihadron correlation technique [12] for the 0-0.2%
most central events in PbPb collisions at √sNN = 2.76 TeV. Figure 3 shows the pTdependence
of the flow coeﬃcients, where all of the higher harmonic (n > 2) coeﬃcients are found to reach
or exceed the elliptic flow results at higher pT . The spectrum weighted integral results are shown
in Fig. 4. The falloﬀ of the integral results for n > 2 might be expected with the viscosity of the
medium damping more rapidly the shorter length scales associated with the higher harmonics.
However, it is interesting to note the break in this trend from the n = 2 to n = 3 values. A
fuller explanation of these results is expected to require a more complete understanding the role
of fluctuations in ultra-central collisions.
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Figure 3: vn vs. pT for ultra-central events.
Figure 4: Spectrum-weighted integral vn values for ultra-
central events..
4. Azimuthal asymmetry of high-pTparticles.
The azimuthal asymmetry of higher-pTparticles is believed to arise from jet quenching in
the lenticular-shaped overlap region of the colliding heavy ions. Figure 5 shows the v2 results
for six diﬀerent centrality classes extended out to pT ≈ 60 GeV/c using the high-pT trigger
developed for the 2011 PbPb run [14, 15]. Also shown are the previous CMS [4] and ATLAS [13]
results obtained using the 2010 data. Focusing on the newer results, the v2 coeﬃcient is found
to remain finite up to at least pT = 40 GeV/c over the full centrality range measured. Above
pT = 40 GeV/c, the v2 values become consistent with zero for mid-central (> 30%) events.
Figure 5: v2(pT) distributions extending to 60 GeV/c for six centrality classes. Lower pT results from both the AT-
LAS [13] and CMS [4] collaborations are also shown.
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Figure 6: v2 values for the indicated pT ranges shown as a function of the number of participant nucleons..
To demonstrate that the higher pT results are influenced by the initial-state geometry, in Fig. 6
the v2 values for diﬀerent pT cuts are shown as a function of the number of participant nucleons
(Npart) for two diﬀerent pseudorapidity ranges. Up to 4 GeV/c, the results are expected to be
strongly influenced by the hydrodynamic flow behavior of the created medium. Above 14 GeV/c,
the flow component is expected to be negligible. For these higher pT values, the increase in v2
as the collisions become more peripheral (decreasing Npart) reflects the corresponding increase
in the eccentricity of the lenticular overlap region as Npart decreases.
5. Comparison of near- and far-side jet yields for PbPb and pp reactions.
Figure 7 shows the two-dimensional per-trigger-particle associated yields of charged hadrons
as a function of separation in pseudorapidity (Δη) and azimuthal angleΔφ of the “trigger” particle
with 3 < ptrigT < 3.5 GeV/c and the “associated” particle with 1 < p
assoc
T < 1.5 GeV/c. For these
relatively low-pTvalues it is possible to fit the long-range yield (|Δη| > 2) projected onto the Δφ
axis using the factorized two-particle correlation expression given in Sec. 1. The factorized v2
coeﬃcients are in excellent agreement with those found using the event-plane method [9].
It is also possible to further explore the jet quenching phenomenon by projecting the region
dominated by the dijet correlation (|Δη| < 1) onto the Δφ axis. The resulting dijet distribution is
superimposed on the long-range flow-like correlations. At low-pT it is possible to subtract oﬀ the
contribution of long-range correlations based on measured vn(pT ) values. Prior to the new CMS
determination of vn(pT ) values at high pT , where factorization no longer holds, it has not been
possible to subtract oﬀ the long-range correlations for high-pT trigger particles. However, with
the extension of v2,v3, and v4 values to 60 GeV/c [15, 9], this now becomes doable.
Figure 8 shows the ratio IAA of the away-side jet yield in PbPb collisions at
√
sNN = 2.76 TeV
to the comparable yields observed in pp collisions at the same energy with Δη < 1 [17]. Four dif-
ferent ranges of trigger particle pTare shown. The long-range correlations corresponding to the
vn components with n=2,3, and 4 obtained using the event-plane method have been subtracted.
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Figure 7: Two-dimensional per-trigger-particle associated yield of charged hadrons as a function of Δη and Δφ for
3 < ptrigT < 3.5 GeV/c and 1 < p
assoc
T < 1.5 GeV/c, for twelve centrality ranges of PbPb collisions at
√
sNN = 2.76 TeV.
The near-side (small Δφ) peak is truncated in the two most peripheral distributions to better display the surrounding
structure [16].
For 0-10% central events one observes a strong enhancement of low-passocT particles with a sig-
nificant, but relatively pT -independent suppression for higher-pTvalues. This suggests that the
energy loss of the high-pTpartons in the medium is converted to low-pTparticles. Both the en-
hancement and corresponding suppression become much less pronounced going to mid-central
(50-60%) events.
6. Summary
The LHC PbPb runs in 2010 and 2011 have provided a wealth of new information that can be
related to the properties of the medium produced in ultra-relativistic heavy-ion collisions. The
CMS program has been exploring the azimuthal asymmetries that arise both from the hydrody-
namic flow behavior at low pTand from energy loss in the medium at higher pT . An ultra-central
collision trigger has allowed the measurement of vn coeﬃcients with n=2 through 6 for the 0.2%
most central event in PbPb collisions at √sNN = 2.76 TeV. A high-pT , single-track trigger has
allowed us to extend v2, v3 and v4 results up to ≈ 60 GeV/c. These high-pT results can be related
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Figure 8: IAA values for the away-side ridge for 0-10% and 50-60% central events with the subtraction of vn components
as discussed in the text. The error bars represent statistical uncertainties while the brackets represent the systematic
uncertainties.
to the energy loss of high-pTpartons in the lenticular shaped overlap region created in the colli-
sion. Having established the long-range in pseudorapidity global correlations, it is now possible
to obtain additional information on the quenching of high-pT jets in the medium. The beginning
of the LHC program of heavy-ion collisions has already proven to be a great success, but also
motivates many additional studies.
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